[1] Arctic warming is expected to increase thermokarst erosion in thaw lakes, thus inducing large emissions of CH 4 to the atmosphere. To reduce uncertainties about the mechanisms, magnitude and timing of methane emissions, we conducted an in-situ experiment to simulate lake expansion following thermokarst erosion. Three tundra horizons were excavated, incubated at the bottom of a thaw lake and subsequently monitored for CH 4 ebullition from mid-season until lake freeze-up. Although the permafrost and seasonally frozen active layer emitted little CH 4 throughout the experiment, ebullition from the thawed active layer began the first week, quickly reaching rates (39 mg CH 4 m À2 day À1 ) comparable to background ebullition in Siberian thaw lakes. While the long-term fate of permafrost carbon from thermokarst lake expansion remains uncertain, the short-term methane release is dominated by upper active layer carbon. Thus, deepening of the upper active layer in a thaw lake dominated landscape should increase CH 4 ebullition rates.
[1] Arctic warming is expected to increase thermokarst erosion in thaw lakes, thus inducing large emissions of CH 4 to the atmosphere. To reduce uncertainties about the mechanisms, magnitude and timing of methane emissions, we conducted an in-situ experiment to simulate lake expansion following thermokarst erosion. Three tundra horizons were excavated, incubated at the bottom of a thaw lake and subsequently monitored for CH 4 ebullition from mid-season until lake freeze-up. Although the permafrost and seasonally frozen active layer emitted little CH 4 throughout the experiment, ebullition from the thawed active layer began the first week, quickly reaching rates (39 mg CH 4 m À2 day À1 ) comparable to background ebullition in Siberian thaw lakes. While the long-term fate of permafrost carbon from thermokarst lake expansion remains uncertain, the short-term methane release is dominated by upper active layer carbon. Thus, deepening of the upper active layer in a thaw lake dominated landscape should increase CH 4 ebullition rates. Citation: Mazéas, O.,
Introduction
[2] Wetlands are the largest natural sources of methane to the atmosphere and are believed to dominate the high seasonal and interannual variability of methane emissions globally [Bousquet et al., 2006; Wuebbles and Hayhoe, 2002] . Northern high latitude wetlands (>30°N) comprise a quarter of wetland emissions despite their shorter productive season [Walter et al., 2001; Zhuang et al., 2004] , and the highest atmospheric CH 4 concentrations are observed between 65°and 70°N, regions dominated by tundra underlain by permafrost [Fung et al., 1991; Zhuang et al., 2004] . Arctic wetlands are of particular interest in the context of the pronounced warming of the Arctic because wetland CH 4 emissions are primarily dependent on water table and temperature [Matthews, 2000] . This warming is expected to remobilize large amounts of carbon stored in permafrost and potentially emit methane in large quantities, thereby acting as a positive feedback on the climate system [Christensen et al., 2004; Schuur et al., 2008; Zimov et al., 2006] . On the other hand, deep permafrost (> few meters below the surface) may be more resilient to warming than previously believed [Froese et al., 2008] .
[3] Thaw (or thermokarst) lakes cover 22 to 48% of the Arctic tundra [Hinkel et al., 2003; Riordan et al., 2006; Zimov et al., 1997] and their expansion via thermokarst erosion has been observed in response to warming in areas of continuous permafrost [Smith et al., 2005] . Studies of thaw lakes in the early 1990s revealed large spatial and temporal variabilities of emission rates (as well as sampling difficulties), which complicated efforts to assess their overall importance [Bartlett et al., 1992; Kling et al., 1992; Martens et al., 1992; Morrissey and Livingston, 1992] . Recent studies have highlighted the significant role of Arctic lakes as a methane source [Bastviken et al., 2004; Walter et al., 2007; Zhuang et al., 2009] . In general, the heterogeneity in lake emission rates results from the varying physical, chemical and biological properties of lake bottom substrates, combined with different pathways of release to the atmosphere: ebullition (bubbling), diffusion, transport through emerging aquatic vegetation, and large-scale diffusion events during lake turnover events [Bartlett et al., 1992; Bastviken et al., 2004; Juutinen et al., 2003; Phelps et al., 1998 ].
[4] When lake surfaces freeze, sites of ebullition are manifested by gas bubbles trapped in ice or, in some lakes, by ice-free areas caused by continuous bubbling. These visible features can be used to spatially map and quantify CH 4 ebullition over entire lakes [Walter et al., 2006] . Using this approach, Walter et al. [2007] demonstrate that CH 4 emissions from Northern lakes (and particularly thaw lakes) have been underestimated and that ebullition can account for $95% of methane emissions, with the remaining 5% representing diffusion (water-air diffusion and lake turnover but not transport through emergent plants).
[5] This technique revealed that, in addition to background ebullition from the entire surface of the lake, there are also points of high emission occurring near the margins of lakes, where soils subside during thermokarst erosion, making available organic-rich material for anaerobic decomposition. While background ebullition accounted for $25% of total lake emissions, discrete points from the edges accounted for 70% [Walter et al., 2007] . This observation highlights the possibility of enhanced methane emissions caused by thermokarst erosion on lakeshores, whereby carbon from surrounding tundra is added to lake sediments.
[6] Field observations raise two key questions about the nature of thermokarst erosion and lake methane ebullition: 1) What are the timescales of methane emission following subsidence of margin soils into lakes? 2) Do all soil horizons contribute equally to methane ebullition? The first question is important because recent studies have reported very slow growth of methanogenic microbes in Arctic soils [Kotsyurbenko, 2005; Morozova and Wagner, 2007; Rivkina et al., 2007] . Thus, the time scale over which ebullition can begin is highly uncertain. The second question is important because horizons vary in organic carbon content, and the depth of thermokarst can vary spatially. Thus, if different soil horizons contribute unequally to total ebullition, the rates of ebullition can vary among thermokarst lakes.
[7] To investigate the magnitude, timescale, and mechanisms of methane emission expected from thaw lakes following soil subsidence, we conducted an in-situ experiment simulating the phenomenon of thermokarst erosion during lake expansion. In this experiment, a set of soil horizons was incubated at the bottom of a thaw lake of the Arctic coastal plain of Alaska and methane ebullition was monitored.
Methods
[8] Incubations of tundra substrate were initiated in midJuly 2007 in Cake Eater Lake, a shallow thaw lake ( 1.4 m deep) located on the Barrow Environmental Observatory (BEO, 71°17 0 N, 156°38 0 W), near Barrow, Alaska, USA. Thaw lakes represent about 22% of the Barrow Peninsula surface area; the remainder of surface area is represented by drained thaw lake basins and polygonal or non-polygonal tundra [Brown, 1967; Hinkel et al., 2003 ].
[9] Three different vertical layers of soil were sampled from non-polygonal tundra adjacent to Cake Eater Lake. First, the thawed layer of soil (''upper active layer'') was sampled from the surface to the depth of frozen soil ($20 cm deep) and included decaying peat material and some live plants on its upper part; three adjacent spots were sampled for replication ($13 kg wet weight each). Second, the seasonally frozen layer (''lower active layer''; $12 cm thick) was sampled with a mechanical auger over the entire area where the upper active layer was sampled. This soil was homogenized and divided into three separate buckets ($8 kg wet weight each). Third, a layer of permafrost was sampled from the exposed area ($12 cm deep), homogenized and divided into 3 other buckets ($8 kg wet weight each).
[10] In addition to these 9 incubations, 2 others were added for comparative purposes: a control incubation consisting of an empty bucket, and one containing sawdust mixed in with thawed permafrost. This sawdust provided cellulose, a major component of plant tissue, whose fermentation was expected to yield substrates for methanogenesis.
[11] The eleven incubations were placed several meters from the shore at a depth of 0.85 m. Each experimental chamber consisted of a PVC frame supporting a bucket (containing tundra soil and yielding an exposed surface area of 0.07 m 2 ) fixed beneath an inverted funnel to capture and collect the emitted gases. The funnel spout led to a clear tube that terminated with a sampling port, from which gas samples could be withdrawn. Lake water freely exchanged in the space between the bucket and the funnel. The bottom of the bucket was attached to an aluminum sheet that excluded contamination by ebullition from lake sediments. A dock on the western shore of the lake provided additional anchorage for the chambers as well as a platform to facilitate sampling.
[12] Accumulated bubble volumes were measured by withdrawing gas samples from the incubation chambers into syringes. Samples were transferred to 15 ml preevacuated serum bottles fitted with butyl rubber septa (Geo-Microbial Technologies). Vials were over-pressurized by adding 25 ml of sample, adding known amounts of ambient air when necessary, to standardize vial pressure. Ambient air samples were collected to correct for dilution. Gas sampling was performed at variable intervals over the 11 week incubation period: daily for the first 3 weeks, weekly for 3 weeks, unsampled for 3 weeks, and daily for the last 2 weeks. Sampling ended on October 2, 2007, after the first days of lake freeze-up.
[13] Gas subsamples (0.5 ml) for each time point were analyzed using a laser-based analyzer (Los Gatos Research) to quantify CH 4 and carbon dioxide (CO 2 ) concentrations. Nitrogen (Industrial grade N 2 ) was used as the carrier gas and calibrations were conducted using dilutions of Matheson Tri-Gas grade CH 4 (99.9%).
[14] Small samples of the soil were collected prior to incubation and these were analyzed for water content to obtain dry weight estimates and for carbon and nitrogen content using a Carbon-Nitrogen analyzer (NC2100, Carlo Erba). Water and sediment temperatures were recorded throughout the experiment using in-situ data loggers, and local wind speed and atmospheric pressure readings were obtained from the NOAA Barrow Observatory.
Results and Discussion

Gas Ebullition
[15] Only the upper active layer incubations consistently emitted gases via ebullition throughout the experiment, with an average rate of 15 ± 3 ml day
À1
. The lower active layer and permafrost incubations sporadically emitted small volumes of gas (typically 0 to 1 ml day À1 ), with cumulative volumes $20 times smaller than the upper active layer. The ebullition frequency was highly variable and significant ebullition events could not be correlated with any of the environmental parameters monitored.
[16] Daily ebullition events were consistently observed from the upper active layer incubations beginning from the first day of the experiment, with large (> mean) ebullition rates occurring within 7 -15 days and some of the highest rates showing within 3 -4 weeks (Figure 1a) . The replicates show a similar overall trend; however, one upper active layer chamber could not be monitored after the fifth week of incubation due to structural damage. Ebullition significantly decreased or ceased during the last 7 to 10 days prior to the lake freeze-up, a period when the water temperature dropped to between 1 and 0°C. During the first days of ice coverage, when surface ice needed to be broken for sample collection, one upper active layer incubation continued to bubble, albeit slowly. The observation of ebullition activity at freezing temperature is consistent with core incubations performed at 0°C [Zimov et al., 1997] and the report of channels through the ice remaining open all winter due to gas ebullition in North Siberian lakes [Walter et al., 2006] .
[17] In contrast, no temporal pattern of ebullition rates was observed for the previously frozen soil layers. The total volume emitted from the cellulose-enriched incubation was very low, similar to the minimum emission rates from frozen layer incubations. The control incubation displayed only one small ebullition event over the entire incubation.
Gas Concentration
[18] The gas composition of the collected bubbles also differed between the upper active layer and frozen layers below. Gas samples from the upper active layer had CH 4 concentrations that increased gradually during the first 2 weeks, reaching concentrations in the same range as the ones measured during the highest gas emission period (characterized by rates > 15 ml day À1 and CH 4 concentrations of $30%). This positive relationship between ebullition rate and methane concentration is consistent with previous findings indicating that the proportion of nitrogen in bubbles (the main constituent of bubbles along with methane) decreases at higher ebullition rates, with dissolved nitrogen removed from sediments by bubble stripping [Chanton et al., 1989] . However, when ebullition decreased at the end of the season, slightly higher concentrations ($50% CH 4 ) were observed (Figure 1b) . Meanwhile, CO 2 concentrations remained below the detection limit (<0.5%).
[19] The lower active layer and permafrost incubations, as well as the cellulose-enriched incubation, were associated with much smaller CH 4 concentrations than the upper active layer, even when relatively large volumes of gas were emitted. A few samples exhibited high CH 4 concentrations but were always associated with small ebullition volumes.
[20] The CH 4 contents from these bubbles are within the range observed from other lakes in Alaska (12 to 73% of CH 4 , 18 to 87% of N 2 + O 2 + Ar and <1 to 9% of CO 2 ) [Martens et al., 1992] . Bubbles from Siberian thaw lakes, however, have a higher and remarkably consistent average methane concentration of 79.6 ± 1.1% that is independent of season [Walter et al., 2006] .
Methane Ebullition
[21] Cumulative CH 4 release from the upper active layer was approximately 160 times higher than in the 2 frozen layers (Figure 1c) . Meanwhile, cumulative ebullition volumes from the frozen layers were not significantly different from each other. The large variability associated with the lower active layer was because one of the replicates showed very low emissions, comparable to the control experiment (0.085 ml CH 4 versus 0.071 ml, respectively). The initial lag of response displayed by the cellulose-enriched permafrost could suggest an initial inhibition effect of the sawdust on methanogenesis, although its final volume is not significantly different from the other frozen layers.
[22] Carbon contents (% dry wt) from the upper active layer, lower active layer and permafrost were 35.4, 30.7 and 28.8, respectively; nitrogen contents were 2.10, 1.78 and 1.66, respectively. Hence, emission rates normalized to total carbon content in soil samples were $50 times higher for the upper active layer than for the permafrost or lower active layer, further demonstrating the unexpected low emissions from the frozen layers (Figure 2) .
[23] Even though there was less carbon in the frozen soil incubations, the particularly low emission from the cellulose-enriched incubation suggests that the pattern is not due to carbon limitation. Rather there appears to be insignificant activity or limited populations of methanogen or syntrophic organisms in the formerly frozen soils. This result also suggests that over the 11-week experiment, methanogens from the lake environment did not significantly colonize the incubated substrates, which were isolated from the sediments by the buckets but open to lake water.
[24] Normalizing emission rates to the exposed surface area of the substrates yielded an average rate of 39 mg CH 4 m À2 day À1 for active layer incubations during the experiment. This rate is in the range of background ebullition reported for Siberian lakes (typically <10 to 60 mg CH 4 m À2 day À1 for ''deep center and non-thermokarst'' sites [Walter et al., 2006] and similar to maximum rates from Sphagnum peat core incubations from Scotland and Wales [Baird et al., 2004] . In contrast, mean summer rates reported from other Alaskan and Siberian thaw lakes were smaller ($7 mg CH 4 m À2 day
À1
), perhaps owing to the spatial variability of thermokarst lake ebullition [Kling et al., 1992; Zimov et al., 1997] .
[25] The mass-normalized emission rate exhibited by the upper active layer in our study is equivalent to 0.2 mg CH 4 kg À1 (wet wt.) day À1 (1 mg CH 4 kg À1 (dry wt) day À1 ). Emission rates normalized to the initial carbon content were 2.8±0.7, 0.032±0.027 and 0.044±0.031 mg CH 4 g À1 C day
À1 from top to bottom layers. Over the $3 months of our experiment, only 0.02% of the initial carbon present in the upper active layer was emitted as CH 4 . Laboratory core incubations in lake water of originally frozen Pleistocene sediments from a Siberian eroding lakeshore yielded larger emissions of methane, with 1.5% of the initial carbon emitted over 12 months at 0°C, 2% at 3.5°C and 5% at 15°C [Zimov et al., 1997 [Zimov et al., , personal communication, 2009 . The difference of magnitude observed could be explained by the greater lability of organic matter in Siberian permafrost (yedoma) and by the addition of fresh sediments from the thermokarst lake bottom in some of their incubations.
Conclusion
[26] These in-situ incubations revealed a pattern of CH 4 ebullition that might follow lakeshore thermokarst erosion. Ebullition would begin immediately and achieve rates typical for Arctic lakes (background ebullition) within a few weeks but with high temporal and concentration variability. Nearly all of this would come from upper active layer inputs. In our incubations, only a small portion of the original carbon content underwent methanogenesis, suggesting that a long term release of CH 4 is possible, with an estimated rate of 2.8±0.7 mg CH 4 g À1 C day À1 during the first season after active layer input. To scale up these results requires quantifying the active layer depth, its carbon content, and the areal extent of lakeshore erosion, parameters that are affected by Arctic climate change.
[27] Meanwhile, permafrost and lower active layers only sporadically emitted small amounts of CH 4 . The low rates observed for these soil layers suggest a very limited methanogen population in the frozen soils and slow subsequent waterborne colonization over the length of the experiment.
[28] In situ incubations should be monitored over several years and with additional treatments (e.g., sterilized active layer, addition of lake sediments, combined layers, polygonal tundra) to better define the timing, amplitude, and chemical signatures of methane ebullition as well as its primary physical, chemical and biological controls. Moreover, isotopic determination, microbial community characterization and dissolved oxygen measurements should be performed. Similar incubations could also be initiated in various thermokarst lakes in order to compare ebullition under different physical and chemical parameters, especially lake depth, longer ice-free periods, and permafrost type.
